Abstract-The possibility of using Fe-rich wires in mechanical stress self-sensing materials is investigated. To this end, a retrieval technique aimed to characterize the high-frequency magneto-impedance effect in ferromagnetic wires under mechanical stresses is proposed. The technique is based on the measurement of the wires inside a metallic rectangular waveguide, and it is validated through numerical simulations and tested with already published experimental data. In addition, the studied Fe-rich wires are characterized by the occurrence of the natural ferromagnetic resonance, whose frequency position increases from 7 to 8.25 GHz for elongations ranging from 0 to 60 m.
I. INTRODUCTION
T HE magneto-impedance (MI) effect on a ferromagnetic wire can be defined as the modulation of the electric current flowing along the wire due to changes in its magnetization state [1] - [4] . This general definition includes any alteration of the magnetization, such as changes in the size and shape of the magnetization domains, as well as changes in the magnetization direction and strength on a single domain. In view of the significant impedance changes produced by weak magnetic fields in the low-frequency range, the MI effect is usually regarded as giant magneto-impedance (GMI) [5] .
Technological applications of the MI effect have been traditionally related to the field of sensing devices in the lowfrequency range (up to megahertz) [6] . As a matter of fact, MI-based sensors in which the ferromagnetic wire is integrated in an electronic circuit have been popular for applications not only including very sensitive magnetic field sensors, but also mechanical stress, temperature, position, and chemical and multifunctional sensors [7] .
More recently, sensing applications of ferromagnetic wires in the gigahertz frequency range have been proposed under the paradigm of self-sensing materials [8] . Instead of integrating The authors are with the Electrical and Electronic Department, Universidad Publica de Navarra, Pamplona, Navarra 31006, Spain (e-mail: inigo.liberal@unavarra.es; inigo.ederra@unavarra.es; ramon@unavarra.es).
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Digital Object Identifier 10.1109/TMTT.2012.2205938 the wires in an electronic circuit, an ensemble of wires is distributed within the sample under study, and the variations in the magnitude of interest are recorded as alterations in the reflected/transmitted fields when the sample is illuminated by an antenna. Since the MI effect is dominant, the ensemble of wires can be considered as an artificial dielectric material whose effective permittivity is a function of the MI effect [9] - [13] . This paradigm offers the possibility of a noninvasive/nondestructive inspection of mechanical stress and fracture, of great interest for architectural and health monitoring.
To the best knowledge of the authors, previous experiments on ferromagnetic wires for self-sensing materials have been focused on Co-rich wires [14] - [19] . Most probably this is due to the heritage of low-frequency MI sensors, in which the largest impedance variations are achieved with negative, but near-zero magnetostriction constants. Contrarily, Fe-rich wires feature positive and large magnetostriction constants, which results in a dominant axial magnetization and in the presence of the natural ferromagnetic resonance (NFMR) at gigahertz frequencies [20] , [21] . Therefore, Fe-rich wires are advantageous for high-frequency sensors since no biasing field is required to produce the ferromagnetic resonance (FMR). Even in the presence of a biasing field, Fe-rich wires provide a stronger and higher frequency FMR due to their higher magnetization at saturation, thus leading to higher spatial resolutions and smaller antennas. Moreover, a high magnetostriction constant ensures a strong response to external mechanical stresses. This paper investigates the possibility of using Fe-rich wires for mechanical stress self-sensing materials, including the characterization of their high-frequency MI effect and the estimation of the effective permittivity of the resultant self-sensing material.
Note that the characterization of the wire impedance at high frequencies can be a cumbersome task. As a matter of fact, while the wire impedance can be easily measured at the low-frequency limit with an oscilloscope by means of the two/four probe method [22] , as frequency increases, the probe effect becomes dramatic and the wires tend to radiate. Therefore, high-frequency MI measurements are based on the integration of ferromagnetic wires in transmission lines such as microstrip lines [14] - [16] , coaxial cables [23] , [24] , and waveguides [19] . It is worth remarking that these experiments measure the impedance of the transmission line formed by the wire, and an additional retrieval technique is required to recover the actual wire impedance . Although this might seem a subtle difference, it must be considered for the design of self-sensing materials since the wires are not integrated in any circuit/transmission line, and thus the actual wire impedance is required to estimate the performance of the material.
The correct retrieval procedure for coaxial lines was presented in [23] . However, in that experiment, both ends of the ferromagnetic wire must be connected to the line, which makes it difficult to apply mechanical stresses. To go further in the state-of-the-art and overcome this problem, a retrieval procedure using metallic rectangular waveguides is presented here, enabling the evaluation of the high-frequency MI effect under mechanical stresses, and the consequent estimation of the selfsensing materials performance.
In addition, experiments on rectangular waveguides have been recently carried out to investigate the absorption spectrum of ferromagnetic wires [25] , as well as their application in double-negative materials [26] - [29] . Therefore, there is a collection of experimental data that could be analyzed with the proposed retrieval procedure, increasing the knowledge on the high-frequency MI effect.
In summary, this study introduces two main contributions. Firstly, Section II presents an experimental technique aimed to characterize the high-frequency MI effect under mechanical stresses, where numerical simulations are employed to validate the technique, and it is also applied to already available experimental data. Secondly, Fe-rich wires are evaluated as mechanical stress self-sensing materials in Section III, including the retrieval of the wire impedance and the prediction of the effective permittivity of the correspondent self-sensing materials. Fig. 1 represents the setup for the characterization of ferromagnetic wires in a metallic rectangular waveguide: a wire of radius is positioned in the middle of a waveguide of width , height , and length . The wire ends are short circuited to the waveguide walls to emulate an analytically tractable infinitely long wire, and the incident electric field is parallel to the wire so that its magnetic response is excited. The goal of the retrieval procedure is to recover the wire impedance from the reflection and transmission coefficients measured at the input and output of the waveguide.
II. RETRIEVAL PROCEDURE

A. Retrieval Procedure
This experimental setup has been analytically solved in [30] , where closed forms of the and coefficients have been formulated (see [30, eqs. (30) and (31)]). Let us rewrite such equations to serve our experimental purposes. Firstly, the , coefficients are formulated as a function of noting that the scattering coefficient is given by [31] . Secondly, the , coefficients are normalized to the amplitude of the electric field, and referred to the and positions, respectively, so that they correspond to the measured and scattering parameters. By doing so, the , coefficients can be written as (1) (2) where is the vacuum medium impedance, and and are the free-space and the waveguide propagation constants, respectively.
is the susceptibility of a perfect electric conductor (PEC) wire given by [32] ( 3) and is the interaction constant with the waveguide walls given by [30] (4) where is the Hankel function of the second kind and zeroth order.
In view of (1) and (2), it is straightforward to compute from either the or coefficients as follows:
The first term of (5) and (6) must be understood as the impedance of a wire inside the waveguide. The second and third terms subtract from this impedance the loading produced by the waveguide walls and the impedance of a PEC wire so that the final result is the actual wire impedance . In theory, so that can be indifferently computed from or . From a practical standpoint, is significantly smaller than due to the reduced cross section of the wire as compared to the waveguide width, and therefore, is much more sensitive to noise, reflections produced by mismatched junctions, and other experimental artefacts than .
B. Numerical Validation
In order to check the accuracy of the analytical model employed for the retrieval technique, the results have been tested with a well-established full-wave electromagnetic solver: CST Microwave Studio [33] .
The model of the numerical simulation is depicted in Fig. 2 and consists of a WR-90 metallic rectangular waveguide ( mm, mm, and cm) and a wire placed in the middle of the waveguide. The inset in the figure represents the wire geometry. Note that the simulation of a rectangular waveguide (of a few wavelengths size) with a ferromagnetic wire (of 10 wavelengths size) with finite conductivity and gyrotropic magnetic susceptibility is a cumbersome task for current numerical solvers, and therefore the numerical simulations have been performed with a simpler two-layer wire. Such a wire is composed of an inner PEC wire of radius , covered by a magnetic coating of permeability , and total radius . The distributed impedance of this type of wires can be found as [34] (7)
In essence, the magnetic coating loads the PEC wire with a given reactance (for lossless ), which increases with and the ratio between the external and internal radii . Three different values of the magnetic coating and with dimensions mm and mm have been employed in the numerical simulations. Once the , coefficients have been computed with CST, has been determined by means of the proposed retrieval technique and compared to the theoretical solution [i.e., (7)], as is shown in Fig. 3 . In this numerical example, and converged perfectly, and therefore a single line has been represented. It can be concluded that there is a good agreement between the retrieved and theoretical results. Small differences can be ascribed to numerical errors in the simulator (mesh and truncation), the truncation of the interaction constant, (4), and the small argument Bessel function approximations intrinsically assumed in the theoretical ,
.
C. Experimental Validation
In [25] , three different Co Fe Si B wires of 22.5-, 5-, and 2-m metallic radius were measured by the authors in a metallic rectangular waveguide in order to investigate the correlation between the wire geometry and absorption spectrum. The wires were trapped between two WR-90 waveguides so that the experimental setup is similar to the one described in this paper for the retrieval technique (see Fig. 1 ). Thus, those experimental data can be analyzed to test the consistency of the retrieval technique. Since the wires are saturated by an external electromagnet, the retrieved impedances can be compared to the theoretical study of MI in saturated wires also presented by the authors in [31] .
The retrieved are depicted in Fig. 4 , where each color line (in online version) corresponds to a different biasing magnetic field as in [25] . The results present the expected response of FMR in saturated wires. On the one hand, a peak of resistance appears at the FMR, whose frequency position increases along with the biasing field. In addition, the resistance increases as the wire radius decreases, due to the higher penetration of the electromagnetic field in the wires. On the other hand, the retrieved reactance presents the expected maximum-minimum sequence. However, asymmetric reactances produced by parasitic reactive loads can be appreciated in the figure. This parasitic reactive loading is an artifact of the experimental setup, produced by the small separation between the waveguides where wires are positioned. Note that the measurements were originally carried out to evaluate the absorption spectrum, in which this effect has a minor impact, and that it can be mitigated with the correct setup/calibration procedure.
III. Fe-RICH WIRES FOR SELF-SENSING MATERIALS
A. Characterization of the Wires
In order to assess the performance of Fe-rich wires as mechanical stress self-sensing materials, an Fe Si B wire was fabricated by means of the Taylor-Ulitovsky technique [35] , [36] at the Material Science Institute of Madrid (ICMM), Madrid, Spain. An SEM image of the wire was taken at the Foundation for the Research and Development of Nanotechnology, Navarra (Fidena), Spain, and it is represented in Fig. 5 . As it is shown, the wire consists of a metallic core of 5.25-m radius and total radius (metallic core and Pyrex coating) of 12.5 m.
A photograph of the experimental setup employed to characterize the wires is depicted in Fig. 6 . To further clarify the setup, the figure includes schematic views of the setup in the -, -, and -planes. Following the technique introduced in Section II, the distributed impedance of the wires has been retrieved from the measurement of the and coefficients in a WR-112 rectangular waveguide ( mm, mm, cm). Both waveguide ends have been connected to SMA adaptors and the scattering parameters have been measured in an Agilent PNA-X N5242A network analyzer.
A small hole has been drilled in the center of the broad wall of the waveguide. By doing so, the wires can entirely cross the waveguide while being perpendicular to the incident electric field, i.e., the wires are positioned along the -axis according to Fig. 6 . Due to the orientation of the waveguide, no holder or insulating platform is required.
Outside the waveguide, both wire ends have been fixed to micropositioners. In this way, when one of the micropositioners is shifted, mechanical stresses are produced along the wires axis, resulting in an elongation . Due to the magnetostrictive behavior of the wires, such mechanical stresses result in variations on their magnetic, which are recorded as variations in the and coefficients, and thus, on the retrieved distributed impedance. It is worth remarking that no external dc magnetic field has been employed to polarize the ferromagnetic wires.
The retrieved distributed impedance as a function of the wire elongation is represented in Fig. 7 . It can be concluded that the wires feature the typical resonant behavior produced by the NFMR. Namely, a maximum of resistance and an inductive-to-capacitive transition around the resonance. In addition, the elongation of the wires from 0 to 60 m produces a shift of the NFMR frequency, from 7 to 8.25 GHz. This behavior is ascribed to an increase in the anisotropy field . When no mechanical forces are applied to the wire, is defined by the mechanical stresses produced during the fabrication process. Due to the positive magnetostriction constant of the wires, these stresses result in a positive and the occurrence of the NFMR. Therefore, additional mechanical stresses increase with the consequent increase in . To further clarify this fact, note that is given by the well-known Kittel relationship [37] ( 8) where is the gyromagnetic ratio and is the magnetization at saturation. Inversely, for , the anisotropy field can be determined as follows:
Fig. 8 depicts and as a function of the elongation in the wires. To this end, has been fixed to the frequency of maximal resistance, and typical parameters of Fe-rich wires [20] and have been assumed. It can be concluded that the retrieved values of , approximately ranging from 20 to 30 kA/m, are in accordance to those of wires with high magnetostriction constant [38] . Furthermore, both and increase linearly along with the elongation.
B. Estimation of Material Response
Once the wire impedance has been characterized, it is possible to estimate the performance of the resultant self-sensing materials through classical electromagnetic mixing formulas. Due to practical reasons, these composite materials typically consist of ensembles of short wires, which result in artificial dielectric materials whose effective permittivity is defined by the electric dipole moments produced by the short wires.
A short-wire electric polarizability can be determined through an antenna analogy, i.e., noting that a short wire is equivalent to a receiving dipole antenna with a short-circuited feeding gap, and distributed impedance . Therefore, assuming a short-dipole antenna oriented along the -direction with current distribution in the receiving mode , the wire polarizability is given by [39] 
where is the input impedance of the reciprocal transmitting antenna, and is the length of the wire. Knowing the polarizability of a given inclusion, it is straightforward to apply mixing rules to estimate the effective permittivity. For the sake of simplicity, let us start with a mixture of wires aligned along the -axis. Under a Maxwell-Garnett formalism, it is known that an aligned mixture of ellipsoids produces an effective uniaxial permittivity [40] (11)
where each of its elements is given by (12) is the polarizability of the host medium, is the number of wires per unit of volume, and and are the depolarization factor and the polarizability of the ellipsoid along the -direction.
Due to the high aspect ratio of the wires the "needle" depolarization factors , are the natural choice, and it is sufficient to consider the polarizability along the wires (i.e., , ). Therefore, the effective permittivity simplifies to (13) with (14) Fig. 9(a)-9(b) represents the computed real and imaginary parts of the -component of the effective permittivity for wires of length mm and density wires/cm . It can be appreciated that the real part of the effective permittivity is positive as in mixtures of conductive short wires, although its dipersion profile is affected by the NFMR. Furthermore, the composite is lossy with maximal losses below the NFMR, as noted in [25] .
As expected, external stresses shift the permittivity dispersion profile toward higher frequencies, which can be measured through variations in the reflection/transmission from the sample, or directly from the retrieval of its constitutive parameters. If only a part of the sample is subjected to mechanical stresses, it must be treated as an heterogeneous solid, where the shape and size of the volume affected by the mechanical stresses can be determined through inverse scattering techniques.
In most practical applications, the mixture will be a random ensemble of wires. In this case, the directionality of the mixtures vanishes and the sample behaves as an isotropic mixture (15) where the electric polarization results from the averaging of each direction susceptibility [40] . For wires with high aspect ratio, only one susceptibility component is relevant, and therefore, (16) Fig. 9(c) and (d) shows the effective permittivity of the same mixture of wires than in Fig. 9(a) and (b) , but with random orientation of the wires. The results confirm that the response of a random mixture is a diluted version of the aligned mixture.
Both random and aligned mixtures are subjected to the limitations of homogenization models. Therefore, their predictions will be accurate as long as the wires and the separation between wires is small enough, and as long as a sufficiently large number of wires is affected by the mechanical stresses. If the former condition is not fulfilled, the structure must be inevitability modeled with complex theory of groups of individual scatterers. If the latter conditions is not fulfilled, the structure can still be modeled as an homogeneous mixture, but multiphase mixing rules must be applied. In general, the Pyrex coating of the wires prevents the appearance of percolation processes in the mixtures. However, one must recall this effect when dealing with wires after glass-removal processes. In those cases, more generalized mixing formulas must be adopted [41] .
To sum up, multiple models can be adopted to predict the performance of a self-sensing material, where the selection of the model depends on the properties of the mixture. In any case, all applicable models rely on the characterization of the wires through retrieval techniques, as discussed previously.
IV. CONCLUSIONS
This paper has investigated the possibility of using Fe-rich wires as mechanical stress self-sensing materials. In order to evaluate the performance of these wires, a retrieval technique aimed to evaluate the high-frequency MI effect from measurements in a rectangular waveguide has been introduced. Furthermore, the waveguide can be perforated to enable the application of mechanical stresses upon the wire under study. The retrieval technique consists of a simple analytical formulation, which has been validated through numerical simulations in a full-wave electromagnetic solver. In addition, the available literature on measurements of ferromagnetic wires inside a rectangular waveguide can be processed with the proposed retrieval technique, providing new experimental data about the MI effect at high frequencies.
A further extension of this work might include the derivation of retrieval techniques for other popular experimental setups, e.g., resonant cavities. Thus, it will be possible to analyze the available experimental data based on those experimental setups, and to compare the performance of difference setups.
To evaluate the performance of Fe-rich wires as self-sensing materials, an Fe Si B wire of m metallic radius has been characterized with the proposed retrieval technique. The wire main feature is the presence of the FMR at 7 GHz with no magnetic biasing. Moreover, the magnetostrictive behavior of the wires leads to shifts in the FMR frequency from 7 to 8.25 GHz for elongations ranging from 0 to 60 m. Finally, it has been pointed out how to proceed to the estimation of the corresponding self-sensing materials performance, identifying potential scenarios such as aligned and random mixtures of wires, nonhomogenizable disperse mixtures of wires, and multiphase mixtures of wires.
